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ABSTRACT: The current study prepared solid dispersions of
forchlorfenuron (CPPU) and γ-cyclodextrin (γCD) or CPPU
and 2-hydroxypropyl-γ-cyclodextrin (HPγCD) via cogrinding
and coprecipitation to assess their physicochemical properties
and their eﬀect on plant growth. According to phase solubility
diagrams, both CPPU/γCD and CPPU/HPγCD formed an
inclusion complex at a molar ratio of 1/1. According to
diﬀerential scanning calorimetry and powder X-ray diﬀraction,
a ground mixture (GM) of CPPU and γCD (molar ratio = 1/
1), a GM of CPPU and HPγCD (molar ratio = 1/1), and a
coprecipitate (CP) of CPPU and γCD (molar ratio = 1/1)
formed an inclusion complex. According to 1H−1H nuclear
Overhauser eﬀect spectroscopy NMR spectroscopy of the
GMs and CP, the aromatic rings of the CPPU molecule are presumably included in CD from the wider to the narrower rim of
its ring. Cultivation of broccoli sprouts with the GMs and CP resulted in no diﬀerences in the length of sprouts in comparison
to a commercial preparation (Fulmet).
1. INTRODUCTION
Ingredients of agricultural chemicals that promote plant
growth and development do so by promoting longer stems,
promoting ﬂowering, preventing fruits from dropping, and
producing parthenocarpic fruits. Plant growth and develop-
ment agents can artiﬁcially control the growth and develop-
ment of agricultural crops, and they can be used to improve
quality and reduce yield or reduce fruiting. Forchlorfenuron
(CPPU) in particular is known to be a compound that
promotes lateral growth and fruit enlargement (Figure 1A).1
CPPU, a phenylurea synthetic plant hormone, acts in trace
amounts on agricultural crops; CPPU leaves little residue and
has little eﬀect on animals and the environment.2 CPPU is
used to enlarge grapefruits, which it accomplishes by
promoting cell division, further extending the period of cell
division and increasing the total number of cells.3 Commer-
cially available preparations containing CPPU are dissolved
using organic solvents and surfactants, and ﬂammability and
toxicity are a concern. Because CPPU is packaged in a glass
bottle, a simple method of preparation is required because of
the diﬃculty of handling during distribution or after use, and
CPPU has to be diluted when used. If a naturally tolerated
CPPU could be developed without the need for an organic
solvent, it could be easily distributed. Moreover, convenience
would be increased if CPPU were dissolved at the time of use.
However, CPPU is poorly soluble in water (solubility: 0.11
mg/mL, 25 °C), so it would need pharmaceutical functionality
to easily dissolve in water.
Cyclodextrin (CD) has a cyclic structure containing D-
glucopyranose units linked by α (1→ 4) glycosidic bonds, and
CD is classiﬁed as αCD, βCD, or γCD based on the number of
glucopyranose units it contains (Figure 1B).
Facilitating the formation of inclusion complexes with
various drug molecules can improve drug solubility and
stability. CDs form inclusion complexes via hydrophobic
interactions.4 Piperine, the pungent component of black
pepper, is unstable to light and poorly water-soluble, but its
stability to light can be improved by its inclusion in γCD.5
Voriconazole, an antifungal drug, is an oral preparation because
of its poor solubility in water. Patients who have diﬃculty
taking medication orally need to receive injections, and a study
has found that inclusion complexes with CD improve the
solubility of itraconazole, leading to the development of
injections.6 CD inclusion complexes are prepared using a
variety of techniques, including coprecipitation,7 kneading,8
freeze-drying,9 and cogrinding.10 A study has reported that
coprecipitation causes caﬀeic acid (CA) and γCD to form
inclusion complexes, thus improving the dissolution of CA.11 A
solid dispersion of a cyclic polysaccharide and CD could be
prepared. If CPPU could be encouraged to form an inclusion
complex with CD, then the solubility of CPPU would improve,
resulting in enhanced functionality. A study reported that
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CPPU forms a polymer with βCD.12 However, γCD and γCD
derivatives have a cavity with a larger diameter than that of
βCD, and formation of CPPU and γCD complexes has not
been reported. In addition, no study has evaluated how
complex formation by CPPU and CD aﬀects the solubility of
CPPU. Therefore, the current study prepared inclusion
complexes of CPPU and γCD or 2-hydroxypropyl-γ-CD
(HPγCD) to assess their physicochemical properties, molec-
ular interaction, solubility, and promotion of plant growth.
2. RESULTS AND DISCUSSION
2.1. Phase Solubility Studies. Solubility testing was
performed to determine the molar ratio of CPPU and CD in
inclusion complexes and to determine their stability constants
in an aqueous solution. The results indicated that the solubility
of CPPU increased linearly with γCD and HPγCD, producing
a BI and an AL type of phase solubility diagram as described by
Higuchi et al (Figure 2).13 The stability constant (Ks) for
HPγCD was 154.5 M−1. The complexation eﬃciency (CE) for
HPγCD was 0.0201. γCD produced a type BI phase solubility
diagram, and Ks and CE could not be calculated. An AL type of
diagram typically indicates that a complex is formed at a molar
ratio of 1/1, so HPγCD forms a complex at a molar ratio of 1/
1 in solution.
2.2. 1H Nuclear Magnetic Resonance Analysis. The
results of diﬀerential scanning calorimetry (DSC) and powder
X-ray diﬀraction (PXRD) patterns suggest molecular inter-
actions in both the ground mixture (GM) and coprecipitate
(CP). 1H nuclear magnetic resonance (NMR) spectroscopy
was performed to investigate the molar ratio of inclusion in the
CP. 1H NMR spectra of CPPU, γCD, and CP are shown in
Figure 3. In CPPU, two signals due to NH group hydrogens
were evident at around 8.93−9.31 ppm. In γCD, signals due to
hydrogen and hydroxyl groups of the glucose unit were
evident. In CP, signals due to CPPU and γCD were,
respectively, conﬁrmed. A signal due to the NH group
hydrogen of CPPU was evident at around 8.93−9.31 ppm,
and this signal was produced by 1 proton, so there was 0.15 of
a proton per hydrogen atom of CPPU in the CP. The signal
due to hydrogen number 1 in the glucose unit of γCD was
produced by 1 proton, so there was 0.125 of a proton per
hydrogen atom of γCD. When the molar ratio of inclusion of
the CP was calculated using the formula, the molar ratio of
inclusion complex formation by γCD and CPPU was 1/1 when
there was 0.15 of a CPPU molecule per 1 molecule of γCD.14
2.3. Diﬀerential Scanning Calorimetry. According to
phase solubility diagrams, both CPPU/γCD and CPPU/
HPγCD apparently form a complex at a molar ratio of 1/1 in
an aqueous solution. A study by Shiozawa et al. reported that
CA forms inclusion complexes with CD as a result of
Figure 1. Chemical structures: (A) CPPU and (B) γCD and HPγCD.
Figure 2. Phase solubility diagrams of CPPU/CDs. The results are
expressed as the mean ± SD (n = 3).
Figure 3. Measurement of 1H NMR spectra of (A) intact CPPU, (B)
γCD, and (C) CP of CPPU and γCD.
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cogrinding or coprecipitation.15 When a guest molecule ceases
to melt or its peak shifts as a result of inclusion complex
formation, changes in its thermal behavior become evident.16
Accordingly, the current study performed DSC to examine the
thermal behavior of the sample prepared by cogrinding or
coprecipitation. In DSC, intact CPPU produced an endother-
mic peak because of melting at 175 °C (Figure 4A). A physical
mixture (PM) of CPPU and γCD (1/1) and a PM of CPPU
and HPγCD (1/1) had an endothermic peak because of the
melting of CPPU at 175 °C, so CPPU crystals were
presumably present (Figure 4D,E). Interestingly, the endo-
thermic peak due to CPPU was not evident in the GM of
CPPU and γCD (1/1), the GM of CPPU and HPγCD (1/1),
or the CP of CPPU and γCD (Figure 4F−H). When a drug is
included in CD, an endothermic peak produced by melting of
that drug disappears.17 This suggests that CPPU, γCD, and
HPγCD molecules formed inclusion complexes, causing the
endothermic peak due to CPPU to disappear.
2.4. Powder X-ray Diﬀraction. The results of DSC
suggested that the GM of CPPU and γCD (1/1), the GM of
CPPU and HPγCD (1/1), and the CP of CPPU and γCD
formed an inclusion complex. Thus, the crystalline state of the
GMs and CP was examined using PXRD. Intact CPPU
produced diﬀraction peaks because of CPPU at 2θ = 23.9° and
27.4°, and γCD produced a diﬀraction peak because of γCD at
2θ = 11.9° (Figure 5A,B). In contrast, HPγCD alone produced
a halo pattern (Figure 4C). In addition, ground CPPU did not
produce a halo pattern (not shown data). A PM of CPPU and
γCD (1/1) and a PM of CPPU and HPγCD (1/1) produced
diﬀraction peaks because of CPPU at 2θ = 23.9° and 27.4° and
a diﬀraction peak because of γCD at 2θ = 11.9° (Figure 5D,E).
In contrast, a GM of CPPU and γCD (molar ratio = 1/1) and
a GM of CPPU and HPγCD (molar ratio = 1/1) produced no
peaks but they did produce a halo pattern (Figure 5F,G).
Cogrinding disrupts the structures of crystals, and the
amorphous structure that results can produce a halo pattern
in PXRD.18 According to a previous study, supplying
mechanical energy can facilitate the formation of amorphous
inclusion complexes.19 Diﬀraction peaks due to CPPU and due
to γCD disappeared with the CP of CPPU and γCD, and new
diﬀraction peaks appeared at 2θ = 7.4° and 16.1° (Figure 5H).
However, new peaks (2θ = 7.5°, 12.0°, and 16.5°) are
produced, and presumably, these peaks are speciﬁc to inclusion
complexes of γCD and a guest molecule.20 This suggests that
the GM of CPPU and γCD (1/1), the GM of CPPU and
HPγCD (1/1), and the CP of CPPU and γCD all formed
inclusion complexes.
2.5. Near Infrared Absorption Spectrometry. PXRD
patterns and results of DSC suggested that inclusion complexes
are formed by the GM of CPPU and γCD (1/1), the GM of
CPPU and HPγCD (1/1), and the CP of CPPU and γCD (1/
1). Near infrared (NIR) absorption spectrometry was
performed to investigate molecular interaction in detail. In
NIR spectra, a peak due to the −OH groups of CD is
produced at around 6660−7140 cm−1.21 A peak due to the
−CH groups of CD is produced at around 8800 cm−1.22 Peaks
due to the −NH groups are produced at around 6800 and
9000 cm−1.
NIR spectra revealed that CPPU alone produced a peak
because of its −CH groups at around 8800 cm−1 and a peak at
around 9000 cm−1 because of its −NH groups. γCD alone
produced a peak because of its −OH groups at around 7000
cm−1 (Figure 6). Second-derivative spectra revealed that the
GM of CPPU and γCD (1/1) produced a shift in the peak
because of the −CH groups of CPPU at around 8800 cm−1
and it produced a shift in the peak because of the −NH groups
of CPPU at around 9000 cm−1 (Figure 6A,B). In addition, the
peak due to the −NH groups of CPPU produced at around
6800 cm−1 and the peak due to the −OH groups of γCD
produced at around 7000 cm−1 broadened (Figure 6C,D). A
study has reported that broadening or shifting of a peak in an
NIR spectrum is caused by molecular interaction of the
functional groups of drugs.23 Accordingly, molecular inter-
action presumably occurred between the −CH groups and
−NH groups of CPPU and between the −OH groups of γCD
in the GM of CPPU and γCD (1/1) and the CP of CPPU and
γCD.
HPγCD alone produced a peak because of its −OH groups
at around 7000 cm−1. According to the second-derivative
Figure 4. DSC curves of CPPU/CD systems: (A) intact CPPU, (B)
γCD, (C) HPγCD, (D) PM of CPPU and γCD (1/1), (E) PM of
CPPU and HPγCD (1/1), (F) GM of CPPU and γCD (1/1), (G)
GM of CPPU and HPγCD (1/1), and (H) CP of CPPU and γCD (1/
1).
Figure 5. PXRD patterns of CPPU/CDs: (A) intact CPPU, (B) γCD,
(C) HPγCD, (D) PM of CPPU and γCD (1/1), (E) PM of CPPU
and HPγCD (1/1), (F) GM of CPPU and γCD (1/1), (G) GM of
CPPU and HPγCD (1/1), and (H) CP of CPPU and γCD (1/1).
(●) intact CPPU, (▲) γCD intact, (□) New peak.
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spectra, the peak due to the −CH groups of CPPU produced
at around 8800 cm−1 broadened and the peak due to the −NH
groups of CPPU produced at around 9000 cm−1 shifted for the
GM of CPPU and HPγCD (1/1) (Figure 7A,B). Moreover,
Figure 6. NIR spectra of CPPU/γCD systems: (A) amino group, (B) alkyl group, (C) hydroxy group, and (D) amino group.
Figure 7. NIR spectra of CPPU/HPγCD systems (A) amino group, (B) alkyl group, (C) hydroxy group, (D) amino group.
Figure 8. SEM image of CPPU/CDs systems: (A) intact CPPU, (B) γCD, (C) HPγCD, (D) PM of CPPU and γCD (1/1), (E) PM of CPPU and
HPγCD (1/1), (F) GM of CPPU and γCD (1/1), (G) GM of CPPU and HPγCD (1/1), and (H) CP of CPPU and γCD.
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the peak due to the −NH groups of CPPU produced at around
6800 cm−1 and the peak due to the −OH groups of HPγCD
produced at around 7000 cm−1 broadened (Figure 7C,D).
These ﬁndings presumably indicate that there is molecular
interaction between the −CH groups and −NH groups of
CPPU and the −OH groups of HPγCD in the GM of CPPU
and HPγCD (1/1) as well.
2.6. Scanning Electron Microscopy Imaging. Scanning
electron microscopy (SEM) imaging was performed to observe
the surface and morphology of each sample (Figure 8). The
surface of CPPU was smooth, and the particle size of CPPU
was around 200 μm. The surface of γCD was smooth, and
irregularly shaped particles were evident. The particle size was
around 75 μm. Smooth spherical particles were evident on the
surface of HPγCD. The size of the particles was around 40 μm.
In the PM of CPPU and γCD (1/1), CPPU and γCD particles
were evident. In the PM of CPPU and HPγCD (1/1), particles
of CPPU and HPγCD were evident. In the GM of CPPU and
γCD (1/1), the particle surface was coarse, agglomerated
particles of small fragments were evident, and many particles
150 μm or smaller in size were evident. In the GM of CPPU
and HPγCD (1/1), ﬁne particles of 5 μm or less aggregated,
and a rough surface was evident. Cubic grains in which ﬁne
particles aggregated were evident in the CP of CPPU and γCD.
According to a previous study, such ﬁndings are due to the
formation of an inclusion complex.24 The current ﬁndings
suggest that cogrinding and coprecipitation resulted in the
formation of an inclusion complex and that this inﬂuenced the
particle diameter and particle surface.
2.7. Measurement of 1H−1H NOESY NMR Spectra.
Spatial interactions between a guest molecule and the CD
cavity can be ascertained with 1H−1H nuclear Overhauser
eﬀect spectroscopy (NOESY) NMR spectroscopy, so the
positioning of the guest molecule within the inclusion complex
was predicted using 1H−1H NOESY NMR spectroscopy.25 In
the GM of CPPU and γCD (1/1), the H-3 proton (3.85 ppm),
H-5 proton (3.83 ppm), and H-6 proton (3.83 ppm) in the
CD cavity and the H-b proton (7.37 ppm) and H-c proton
(7.42 ppm) in the aromatic ring of CPPU produced cross
peaks (Figure 9A). The H-3 proton is typically located in the
wider rim of the ring of CD, and the H-6 proton is typically
located in the narrower rim of that ring.26 Cross peaks indicate
that protons are less than 4 Å apart, and a more intense peak
indicates that protons are closer together.27 In the CP of
CPPU and γCD (1/1), the H-3 proton (3.85 ppm), H-5
proton (3.83 ppm), and H-6 proton (3.83 ppm) in the CD
cavity and the H-b proton (7.37 ppm) and H-c proton (7.42
ppm) in the aromatic ring of CPPU similarly produced cross
peaks (Figure 9B). In the GM of CPPU and HPγCD (1/1),
the H-3 proton (3.77 ppm), H-5 proton (3.55 ppm), and H-6
proton (3.59, 3.65 ppm) in the CD cavity and the H-b proton
(7.08 ppm) and H-c proton (7.14, 7.08 ppm) in the aromatic
Figure 9. 1H−1H NOESY NMR spectra of CPPU/γCD systems: (A) GM of CPPU and γCD (1/1) and (B) CP of CPPU and γCD.
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ring of CPPU produced cross peaks (Figure 10). Intense cross
peaks were particularly produced by the H-b and H-c protons
of the aromatic ring of CPPU and the H-6 proton in the cavity
of HPγCD. Thus, the aromatic ring of the CPPU molecule
appears to be oriented from the wider to the narrower rim of
the ring of γCD and HPγCD (Scheme 1).
2.8. Dissolution Proﬁle. Results thus far suggested that an
inclusion complex is formed in a solid state. Accordingly, a
dissolution test was performed to ascertain whether the
formation of CPPU/γCD and CPPU/HPγCD inclusion
complexes resulted in changes in the dissolution of CPPU.
The samples used in the test were intact CPPU, the PM of
CPPU and γCD (1/1), the PM of CPPU and HPγCD (1/1),
the GM of CPPU and γCD (1/1), the GM of CPPU and
HPγCD (1/1), and the CP of CPPU and γCD (1/1) (Figure
11). The results indicated that the rate of dissolution of intact
CPPU was 2.6% 5 min after the start of the test. The rate of
dissolution for the PM of CPPU and γCD (1/1) was 2.6% and
that for the PM of CPPU and HPγCD (1/1) was 8.3%. In
CPPU alone, the PM of CPPU and γCD (1/1), and the PM of
CPPU and HPγCD (1/1), the dissolution rate gradually
increased after 5 min and was about 20% at 120 min. The rate
of dissolution of CPPU 5 min after the start of the test was
48.2% for the GM of CPPU and γCD (1/1), 39.5% for the GM
of CPPU and HPγCD (1/1), and 77.3% for the CP of CPPU
and γCD. In contrast, the dissolution rate increased after 30
min for the GM of CPPU and γCD (1/1), the GM of CPPU
and HPγCD (1/1), and the CP of CPPU and γCD. The rate of
dissolution of CPPU after 120 min was approximately 80% for
the GM of CPPU and γCD (1/1), approximately 98% for the
GM of CPPU and HPγCD (1/1), and approximately 97% for
the CP of CPPU and γCD. In the initial 5 min, the dissolution
rate of CPPU in the GM of CPPU and γCD (1/1) and the
Figure 10. 1H−1H NOESY NMR spectra of GM (CPPU/HPγCD = 1/1) systems.
Scheme 1. Structural View of a CPPU/CD Complex
Figure 11. Dissolution proﬁles of CPPU/CD systems. The results are
expressed as the mean ± SD (n = 3).
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GM of CPPU and HPγCD (1/1) was lower than that in the
CP of CPPU and γCD. This suggests that the diﬀerence in the
crystallinity of the composite due to the diﬀerence in the
method of preparation aﬀects the wettability of the powder and
is reﬂected in its dissolution properties. In addition, the GM of
CPPU and HPγCD (1/1) had the highest dissolution rate of
CPPU at 120 min. On the basis of solubility phase diagrams,
the concentration of dissolved CPPU was linear and depended
on the amount of HPγCD added. The CE was 0.0201. Because
CE and guest molecules are generally correlated, the CE for
the CPPU/HPγCD system could presumably be calculated CE
and would indicate a high level of dissolution.
Dissolution of CPPU in the GMs and CP improved in
comparison to that of intact CPPU and the PM. According to
previous studies, a solid dispersion of a drug and CD can
display an increased rate of dissolution via two mechanisms:
disruption of the arrangement of molecules of a drug as a result
of it becoming amorphous and the formation of an inclusion
complex.28,29 PXRD patterns revealed that CPPU and γCD in
the GM and CPPU and HPγCD in the GM became
amorphous and formed an inclusion complex. The aromatic
rings of CPPU are hydrophobic, and the NIR spectra revealed
molecular interaction between CPPU and CD. Moreover, the
NMR spectra revealed that CPPU is included in the cavity of
γCD or HPγCD in solution, so the improved dissolution of
CPPU is the result of multiple factors (e.g., CPPU becoming
amorphous and its formation of an inclusion complex).
Nevertheless, solubility after 5 min diﬀered as a result of
diﬀerences in the method of preparation and the type of CD.
This is presumably due to diﬀerences in molecular interaction
in the solid dispersion during PXRD, DSC, and NIR
spectroscopy. The above ﬁndings suggest that preparing a
solid dispersion by cogrinding or coprecipitating CPPU and
γCD or HPγCD can help to improve the solubility of CPPU. A
CP could not be prepared with HPγCD, so this issue is a topic
for future study.
2.9. Experimental Cultivation of Broccoli Sprouts. To
determine the extent to which CPPU promoted plant growth
as a result of the formation of CPPU/γCD and CPPU/HPγCD
inclusion complexes, broccoli sprouts were cultivated using
intact CPPU, intact γCD, intact HPγCD, the GM of CPPU
and γCD (1/1), the GM of CPPU and HPγCD (1/1), the CP
of CPPU and γCD, and a commercial preparation of CPPU
(Fulmet). Sprouts in the control group were cultivated using
distilled water. The sprout length did not diﬀer between the
control group and intact CPPU, γCD, and HPγCD (Figure
12A). The GM of CPPU and γCD (1/1), the GM of CPPU
and HPγCD (1/1), and the CP of CPPU and γCD resulted in
growth equivalent to that produced by Fulmet, although that
growth was inferior to the growth produced by the control
group. The sprout weight did not diﬀer between the control
group and intact CPPU, γCD, and HPγCD (Figure 12B). The
GM of CPPU and γCD (1/1), the GM of CPPU and HPγCD
(1/1), and the CP of CPPU and γCD resulted in growth
equivalent to that produced by Fulmet. The sprout thickness
did not diﬀer between the control group and intact CPPU,
γCD, and HPγCD (Figure 12C). The GM of CPPU and γCD
(1/1), the GM of CPPU and HPγCD (1/1), and the CP of
CPPU and γCD resulted in growth equivalent to that produced
by Fulmet. A texture test of sprout thickness was performed on
day 5 of cultivation, and hardness was calculated based on
texture proﬁle analysis (Figure 13). The results revealed no
diﬀerences among the control group, intact CPPU, intact γCD,
and intact HPγCD (no signiﬁcant diﬀerences). Fulmet and the
GM of CPPU and γCD (1/1), the GM of CPPU and HPγCD
(1/1), and the CP of CPPU/γCD resulted in sprouts with
equivalent hardness. Those sprouts had about 3 times the
hardness of sprouts produced by the control group (signiﬁcant
diﬀerence; p 0.01) (Figure 14). These ﬁndings suggest that
CPPU formed inclusion complexes with γCD and HPγCD,
thus improving the solubility of CPPU. Nonetheless, the action
of CPPU to promote cell division was equivalent to the action
of Fulmet.
The commercial preparation (Fulmet) requires complicated
preparation because it is in a liquid state. However, inclusion
complexes were used to produce preparations in the current
Figure 12. Eﬀect of CPPU on broccoli sprouts over a period of 7
days. (A) Stem length, (B) weight of the broccoli sprout, and (C)
stem thickness. The results are expressed as the mean ± SD (n = 20).
*: p < 0.05 vs control, #: p < 0.05 vs GM of CPPU and γCD (1/1), †:
p < 0.05 vs GM of CPPU and HPγCD (1/1) (Tukey test).
Figure 13. Results of a texture test on day 5. *: p < 0.05 vs control, #:
p < 0.05 vs intact CPPU, †: p < 0.05 vs γCD, ‡: p < 0.05 vs HPγCD
(Tukey test). Values are expressed as the mean ± SD (n = 5).
ACS Omega Article
DOI: 10.1021/acsomega.8b01505
ACS Omega 2018, 3, 13160−13169
13166
study. CPPU in Fulmet has increased water solubility because
it has been dissolved in alcohol. Thus, this solution of CPPU in
alcohol was assumed to result in greater plant growth eﬀect
than CPPU alone. However, preparations containing CPPU/
CD complexes resulted in plant growth equivalent to that of
Fulmet. Therefore, the solubility of CPPU is presumably one
of the factors accounting for the fact that preparations
containing CPPU/CD complexes resulted in greater plant
growth than CPPU alone. These preparations are readily
soluble in water and they do not require an organic solvent or
surfactant as is found in commercial preparations (like
Fulmet). In this study, inclusion of CPPU in CD improved
the solubility of CPPU. Fulmet is a solution containing CPPU
dissolved in alcohol, but use of CPPU/CD complexes allows
commercial production of CPPU in a solid state. This would
presumably reduce the burden of distribution. Moreover, use
of CPPU/CD complexes allows CPPU to be highly active at a
low concentration, so CPPU can be incorporated in
commercial preparations at a low cost. Thus, new preparations
can be developed for the beneﬁt of farmers.
3. CONCLUSIONS
Phase solubility diagrams revealed that CPPU/γCD and
CPPU/HPγCD formed an inclusion complex at a molar
ratio of 1/1. The results of DSC, PXRD patterns, NIR spectra,
and the results of a dissolution test of a GM and CP of CPPU
and γCD or HPγCD revealed that CPPU and HPγCD formed
inclusion complexes at a molar ratio of 1/1. The rate of
dissolution of CPPU improved as a result of complex
formation (CPPU/γCD and CPPU/HPγCD). In addition,
the GM of CPPU and γCD, the GM of CPPU and HPγCD,
and the CP of CPPU and γCD resulted in plant growth
comparable to that as a result of a commercial CPPU
preparation. The use of CPPU as a promoter of plant growth
would presumably increase as a result of improving the
solubility of complexes in the GM of CPPU and γCD, the GM
of CPPU and HPγCD, and the CP of CPPU and γCD.
4. MATERIALS AND METHODS
4.1. Materials. 4.1.1. Chemicals. CPPU was a bulk powder
purchased from Wako Pure Chemical Industries Co., Ltd.
(Osaka, Japan). γCD was donated by Cyclo Chem Co., Ltd.
(Tokyo, Japan) and was used after storage at a temperature of
40 °C and a relative humidity of 82% for 7 days. HPγCD was a
bulk powder purchased from Sigma-Aldrich Co., Ltd. (Tokyo,
Japan). HPγCD was used with a molar substitution of 0.6.
Fulmet, which is a commercial preparation of CPPU, was from
Kyowa Hakko Bio Co., Ltd. (Tokyo). All other chemicals and
solvents were of analytical grade and were purchased from
Wako Pure Chemical Industries Co., Ltd.
4.1.2. Preparation of PM and Ground Mixtures. Each PM
was prepared by weighing CPPU and CD to a molar ratio 1/1
and mixing the two with a vortex mixer for 1 min. Each GM
was prepared by placing a PM (1 g) in an aluminum pan and
grinding the mixture for 60 min using a vibrating rod mill (TI-
500ET, CMT Co., Fukushima, Japan).
4.1.3. Preparation of a CP. A CP was prepared by dropwise
addition of 0.07 mol/mL γCD solution to 0.2 mol/mL CPPU
in acetone. The solution was stirred for 24 h at room
temperature and then allowed to stand at room temperature
for 24 h. The sample was ﬁltered with a ﬁlter paper. The
precipitate was washed with 3 mL of acetone and dried at
room temperature for 24 h. In addition, attempts were made to
prepare a CP using HPγCD, but those attempts were
unsuccessful.
4.2. Methods. 4.2.1. Phase Solubility Studies. Phase
solubility studies were performed according to the method
reported by Higuchi and Connors.13 A supersaturated amount
of CPPU (30 mg) was added to an aqueous solution (10 mL)
of γCD (0−10 mM) or HPγCD (0−15 mM), and the mixture
was shaken at 25 ± 0.5 °C and 200 rpm for 48 h to obtain a
suspension. The suspension was ﬁltered through a 0.45 μm
membrane ﬁlter. Quantitation of CPPU was performed with
high-performance liquid chromatography (LC-20A, Shimadzu
Co., Ltd, Kyoto) using an Inertsil ODS-3 packed column (φ5
μm, 4.6 mm × 150 mm, GL Sciences, Tokyo). The samples
were measured at a wavelength of 263 nm. The sample
injection volume was 30 μL and the column temperature was
40 °C. A mobile phase of distilled water/acetonitrile (1/1) was
used, and the CPPU retention time was 5 min at a ﬂow rate of
1 mL/min. The apparent stability constant (Ks) of a CPPU/
CD inclusion complex was calculated using eq 1 from the slope
of the phase solubility diagram and the solubility (S0) of CPPU
in the absence of CD. In addition, the CEs of CPPU and CD
were calculated using eq 2.
K Sslope/ (1 slope)s 0= − (1)
CE slope/(1 slope)= − (2)
4.2.2. Measurement of 1H NMR Spectra. NMR spectra
were obtained using a Varian NMR System 400 MHz (Agilent
Technologies, Tokyo). Dimethyl sulfoxide-d6 was used as a
solvent, and the measurement was performed with a pulse
width of 90°, a delay time of 6.4 μs, a scan time of 3.723 s, and
128 integration steps at 26 °C.
4.2.3. Diﬀerential Scanning Calorimetry. A diﬀerential
scanning calorimeter (Thermo plus EVO, Rigaku, Tokyo) was
used. All samples were weighed (2 mg) and heated at a
scanning rate of 5.0 °C/min with a nitrogen ﬂow rate of 60
mL/min. Aluminum pans and lids were used for all samples.
4.2.4. Powder X-ray Diﬀraction. PXRD was performed
using an X-ray diﬀractometer (MiniFlex II, Rigaku) with Cu
radiation, a scan range of 2θ = 5−40°, and a scan rate of 4°/
min. The intensities of diﬀraction were measured with a NaI
scintillation counter coupled to a discriminator.
Figure 14. Image of each sample on day 5.
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4.2.5. NIR Absorption Spectrometry. Each sample was
scanned with a Fourier-transform NIR spectrometer (Büchi N-
500: Nippon Büchi, Tokyo) with a measurement wavelength
of 10 000−4000 cm−1, a measuring time of 8 s, a measuring
temperature of 25 °C, and a cell with a 1 nm optical path
length.
4.2.6. SEM Imaging. The SEM images were obtained with a
scanning electron microscope (S3000N, Hitachi High-
Technologies Corporation, Tokyo) at an acceleration voltage
of 10 kV. The samples were mounted on aluminum stubs that
were then coated with a thin layer of gold for 70 s to make
them electrically conductive.
4.2.7. 1H−1H NOESY NMR Spectroscopy. Two-dimensional
NOESY NMR spectroscopy and selective one-dimensional
NMR spectroscopy were performed using a NMR spectrom-
eter (Varian NMR System 700NB, Agilent) with a cold probe
operating at 699.6 MHz. D2O/CD3OD (1/1) was used as a
solvent. The measurement conditions were as follows: a pulse
width of 90°, a relaxation time of 500 ms, a scanning time of
0.500 s, a ﬁxed delay of 1.500 s, and a temperature of 25 °C.
4.2.8. Dissolution Proﬁle. The dissolution proﬁle of samples
was determined using a dissolution apparatus (NTR 593,
Toyama Sangyo) with 900 mL (37 7 0.5 °C) of distilled water
that was stirred at 50 rpm using the paddle method described
in the Seventeen Edition of the Japanese Pharmacopoeia.
CPPU was weighed accurately to 30 mg and placed in the
paddle. Dissolution sample (10 mL) was collected at 5, 10, 15,
30, 60, 90, and 120 min through a 0.45 μm membrane ﬁlter.
Quantitation was performed in the same manner as in the
phase solubility studies.
4.2.9. Experimental Cultivation of Broccoli Sprouts. To
evaluate the equivalence of the promotion of plant growth by
CPPU, cultivation experiments were conducted using a
broccoli sprout cultivation kit (Greenﬁeld Project Co., Ltd.,
Kumamoto). Five hundred seeds were planted in pots and the
seedlings were placed in a dark place with a temperature of 25
°C and a humidity of 50%. The length, weight, and thickness
of broccoli sprouts were measured every 2 d. On the ﬁfth day,
the texture of the plant was evaluated using a texture tester
(Nippon Measurement System Co., Ltd., Nara). Measurement
was performed at a test speed of 120 mm/min, an upper load
limit of 100.00 N, and a rupture detection of 25%;
measurements were made continuously.
4.2.10. Statistical Analysis. Data are expressed as the mean
± standard deviation (SD). The groups were compared using
one-way analysis of variance followed by Tukey’s test for
multiple comparison. p < 0.01 was considered statistically
signiﬁcant.
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Undabeytia, T.; Morillo, E. Cyclodextrin Inclusion Complex to
Improve Physicochemical Properties of Herbicide Bentazon: Explor-
ing Better Formulations. PLoS One 2012, 7, No. e41072.
(9) Wang, J.; Cao, Y.; Sun, B.; Wang, C. Characterisation of
inclusion complex of trans-ferulic acid and hydroxypropyl-β-cyclo-
dextrin. Food Chem. 2011, 124, 1069−1075.
(10) Hu, Y.; Gniado, K.; Erxleben, A.; McArdle, P. Mechanochem-
ical Reaction of Sulfathiazole with Carboxylic Acids: Formation of a
Cocrystal, a Salt, and Coamorphous Solids. Cryst. Growth Des. 2014,
14, 803−813.
(11) Inoue, Y.; Suzuki, R.; Horage, M.; Togano, M.; Kimura, M.;
Ogihara, M.; Ando, S.; Kikuchi, J.; Murata, I.; Kanamoto, I. Effects of
oxethazaine and gamma-cyclodextrin complex formation on intestinal
contractions. World J. Pharm. Sci. 2016, 4, 269−280.
(12) Cheng, Y.; Nie, J.; Li, Z.; Yan, Z.; Xu, G.; Li, H.; Guan, D. A
molecularly imprinted polymer synthesized using β-cyclodextrin as
the monomer for the efficient recognition of forchlorfenuron in fruits.
Anal. Bioanal. Chem. 2017, 409, 5065−5072.
(13) Higuchi, T.; Connors, K. A. Phase-solubility techniques. Adv.
Anal. Chem. Instrum. 1961, 4, 117−212.
(14) Ogawa, N.; Hashimoto, T.; Furuishi, T.; Nagase, H.; Endo, T.;
Yamamoto, H.; Kawashima, Y.; Ueda, H. Solid-state characterization
of sertraline base-β-cyclodextrin inclusion complex. J. Pharm. Biomed.
Anal. 2015, 107, 265−272.
ACS Omega Article
DOI: 10.1021/acsomega.8b01505
ACS Omega 2018, 3, 13160−13169
13168
(15) Shiozawa, R.; Inoue, Y.; Murata, I.; Kanamoto, I. Effect of
antioxidant activity of caffeic acid with cyclodextrins using ground
mixture method. Asian J. Pharm. Sci. 2018, 13, 24−33.
(16) Suzuki, R.; Inoue, Y.; Tsunoda, Y.; Murata, I.; Isshiki, Y.;
Kondo, S.; Kanamoto, I. Effect of γ-cyclodextrin derivative complex-
ation on the physicochemical properties and antimicrobial activity of
hinokitiol. J. Inclusion Phenom. Macrocyclic Chem. 2015, 83, 177−186.
(17) Ficarra, R.; Tommasini, S.; Raneri, D.; Calabro,̀ M. L.; Di Bella,
M. R.; Rustichelli, C.; Gamberini, M. C.; Ficarra, P. Study of
flavonoids/β-cyclodextrins inclusion complexes by NMR, FT-IR,
DSC, X-ray investigation. J. Pharm. Biomed. Anal. 2002, 29, 1005−
1014.
(18) Fernandes, C. M.; Vieira, M. T.; Veiga, F. J. B. Physicochemical
characterization and in vitro dissolution behaviour of nicaedipinecy-
clodextrins inclusion compounds. Eur. J. Pharm. Sci. 2002, 15, 79−85.
(19) Iwata, M.; Fukami, T.; Kawashima, D.; Ueda, H. Effectiveness
of mechanochemical treatment with cyclodextrins on increasing
solubility of glimepiride. Pharmazie 2009, 64, 390−394.
(20) Higashi, K.; Ideura, S.; Waraya, H.; Moribe, K.; Yamamoto, K.
Incorporation of Salicylic Acid Molecules into the Intermolecular
Spaces of γ-Cyclodextrin-Polypseudorotaxane. Cryst. Growth Des.
2009, 9, 4243−4246.
(21) Lestander, T. A.; Rudolfsson, M.; Pommer, L.; Nordin, A. NIR
provides excellent predictions of properties of biocoal from
torrefaction and pyrolysis of biomass. Green Chem. 2014, 16, 4906−
4913.
(22) Gaydou, V.; Kister, J.; Dupuy, N. Evaluation of multiblock
NIR/MIR PLS predictive models to detect adulteration of diesel/
biodiesel blends by vegetal oil. Chemom. Intell. Lab. Syst. 2011, 106,
190−197.
(23) Duri, S.; Tran, C. D. Supramolecular Composite Materials from
Cellulose, Chitosan, and Cyclodextrin: Facile Preparation and Their
Selective Inclusion Complex Formation with Endocrine Disruptors.
Langmuir 2013, 29, 5037−5049.
(24) Toropainen, T.; Velaga, S.; Heikkila,̈ T.; Matilainen, L.; Jarho,
P.; Carlfors, J.; Lehto, V. P.; Jar̈vinen, T.; Jar̈vinen, K. Preparation of
budesonide/γ-cyclodextrin complexes in supercritical fluids with a
novel SEDS method. J. Pharm. Sci. 2006, 95, 2235−2245.
(25) Inoue, Y.; Watanabe, S.; Suzuki, R.; Murata, I.; Kanamoto, I.
Evaluation of actarit/γ-cyclodextrin complex prepared by different
methods. J. Inclusion Phenom. Macrocyclic Chem. 2015, 81, 161−168.
(26) Schönbeck, C. Charge Determines Guest Orientation: A
Combined NMR and Molecular Dynamics Study of β-Cyclodextrins
and Adamantane Derivatives. J. Phys. Chem. B 2018, 122, 4821−4827.
(27) Kirshner, D. L.; Green, T. K. Nonaqueous synthesis of a
selectively modified, highly anionic sulfopropyl ether derivative of
cyclomaltoheptaose (β-cyclodextrin) in the presence of 18-crown-6.
Carbohydr. Res. 2005, 340, 1773−1779.
(28) Trapani, G.; Latrofa, A.; Franco, M.; Pantaleo, M. R.; Sanna, E.;
Massa, F.; Tuveri, F.; Liso, G. Complexation of Zolpidem with 2-
Hydroxypropyl-β-, Methyl-β-, and 2-Hydroxypropyl-γ-Cyclodextrin:
Effect on Aqueous Solubility, Dissolution Rate, and Ataxic Activity in
Rat. J. Pharm. Sci. 2000, 89, 1443−1451.
(29) Corciova, A.; Ciobanu, C.; Poiata, A.; Mircea, C.; Nicolescu, A.;
Drobota, M.; Varganici, C.-D.; Pinteala, T.; Marangoci, N.
Antibacterial and antioxidant properties of hesperidin:β-cyclodextrin
complexes obtained by different techniques. J. Inclusion Phenom.
Macrocyclic Chem. 2015, 81, 71−84.
ACS Omega Article
DOI: 10.1021/acsomega.8b01505
ACS Omega 2018, 3, 13160−13169
13169
